Mycothiol is the major thiol present in most actinomycetes and is produced from the pseudodisaccharide 1D-myo-inosityl 2-acetamido-2-deoxy-␣-D-glucopyranoside (GlcNAc-Ins). A transposon mutant of Mycobacterium smegmatis shown to be GlcNAc-Ins and mycothiol deficient was sequenced to identify a putative glycosyltransferase gene designated mshA. The ortholog in Mycobacterium tuberculosis, Rv0486, was used to complement the mutant phenotype.
Mycothiol is the major thiol present in most actinomycetes and is produced from the pseudodisaccharide 1D-myo-inosityl 2-acetamido-2-deoxy-␣-D-glucopyranoside (GlcNAc-Ins). A transposon mutant of
Mycobacterium smegmatis shown to be GlcNAc-Ins and mycothiol deficient was sequenced to identify a putative glycosyltransferase gene designated mshA. The ortholog in Mycobacterium tuberculosis, Rv0486, was used to complement the mutant phenotype. Fig. 1) is the principal thiol found in mycobacteria and most other actinomycetes. It appears to function in many ways like glutathione, which is not produced by actinomycetes (15) . This suggested that MSH metabolism might provide suitable targets for new drugs directed against Mycobacterium tuberculosis (13, 20, 21) . Support for this possibility came from studies of Mycobacterium smegmatis chemical mutants blocked in MSH biosynthesis. MSH mutants were shown to have enhanced sensitivity to hydrogen peroxide and various toxins, including rifampin and other antibiotics, but were found to be resistant to isoniazid (16, 17) . The enzymes involved in MSH biosynthesis therefore appear to have potential as new drug targets. In this study we identified a glycosyltransferase gene involved in an initial step of MSH biosynthesis.
Mycothiol (MSH) (
The pathway of MSH biosynthesis involves at least four enzymes, the last three of which are known (Fig. 1) . To facilitate identification of MSH biosynthesis genes, a Tn5 transposon library enriched for MSH-deficient mutants was produced by selecting for resistance to both kanamycin and isoniazid (9) ; the latter resistance has been established as a phenotype which is characteristic of MSH-deficient strains (16, 17) . One of three MSH-deficient mutants isolated proved to be defective in the final step of MSH biosynthesis and was used to identify mshD (9) . Here we characterized a second mutant, tentatively designated mshA::Tn5 because it was found to produce no measurable amount of the pseudodisaccharide precursors of MSH, 1D-myo-inosityl 2-acetamido-2-deoxy-␣-D-glucopyranoside (GlcNAc-Ins) and 1D-myo-inosityl 2-amino-2-deoxy-␣-D-glucopyranoside (GlcN-Ins) ( Table 1) , which suggested that it was defective in MshA. This is the same phenotype as that of M. smegmatis chemical mutant strain 49 (14, 16) . In order to obtain a high-quality sequence at the site of insertion, it was necessary to subclone SalI-or PstI-digested genomic DNA from mshA::Tn5 into pUC18 as previously described (9) .
The SalI clone produced 205 bp of sequence, and the PstI clone produced 822 bp of sequence, both at the same insertion site; the PstI clone corresponded exactly to the complement of bases 507551 to 508372 of contig 3311 of the unfinished M. smegmatis genome in The Institute for Genomic Research database (http://www.tigr.org). Since the M. smegmatis sequence has not been annotated yet, the experimental sequence was used to search the M. tuberculosis H37Rv GenBank genome database by using tblastx. This resulted in identification of a 236-amino-acid sequence from open reading frame Rv0486 having 84% identity with the translated experimental sequence. Thus, the reading frame for the M. smegmatis sequence was established, and a downstream stop codon defined the termination site for the M. smegmatis gene. The start position for the gene was thought to be defined by a GTG codon found upstream from the end of the region with high identity to the M. tuberculosis sequence and downstream from an inframe stop codon. This resulted in identification of the sequence for MshA, as shown in Fig. 2 . The M. smegmatis and M. tuberculosis MshA sequences are 75% identical in a 446-residue overlap.
To verify that Rv0486 encodes the enzyme activity missing in the transposon and chemical mutants, the gene was cloned into the pALACE vector (an Escherichia coli-Mycobacterium shuttle plasmid; Hyg r ; induced by acetamide and derived from pACE [6] to introduce an N-terminal His 6 tag) to produce pAL0486, which was used to transform mshA::Tn5 and mutant 49. M. tuberculosis H37Rv genomic DNA was prepared as described previously (2) . Open reading frame Rv0486 was amplified by PCR by using this DNA and primers 486 PAL 3 (5ЈCATATGCACGGTCGGCAAGGAGG3Ј) and 486 PAL 5 (5ЈAGGATCCATGGCAGGTGTGCGGCAC3Ј). These primers were designed to contain NdeI and BamHI restriction sites, respectively. PCR was performed as described previously (17) , and the appropriate PCR product was ligated into pALACE to obtain plasmid pAL0486. The pAL0486 plasmid was electroporated into the MSH-deficient mutants, and selection was performed on plates containing hygromycin for mutant 49 and hygromycin plus kanomycin for mshA::Tn5 (16) .
In each case, two clones were selected from the hygromycin plates for growth in liquid culture to produce cells for analysis of MSH and its precursors. The results (Table 1) demonstrated that full restoration of MSH production to wild-type levels occurred with acetamide-induced cultures, and the levels of GlcNAc-Ins and GlcN-Ins increased to normal or nearly normal levels in both mutants. This confirmed that the loss of MSH biosynthesis capacity in mutant mshA::Tn5 resulted solely from inactivation of the mshA gene and demonstrated that mutant 49 was defective in the mshA gene.
To ascertain the nature of the defect in the mshA gene of mutant 49, the mshA genes from the parent strain, M. smegmatis mc 2 155, and mutant 49 were cloned and sequenced. The M. smegmatis sequence obtained from The Institute for Genomic Research was used to design primers upstream of the start codon (primer 49seq 5Ј; 5ЈGCAACGAGAAGGCCGTC GAACT3Ј) and downstream of the 3Ј region (primer 49seq 3Ј; 5ЈGTCCTCGATGATCTTCCTGACA3Ј) of the mshA gene. The primers were used to amplify the DNA from M. smegmatis mc 2 155 and from two different colonies of mutant 49, and each amplified band was cloned into pCR2.1 (Invitrogen). After we ensured by restriction digestion that the M. smegmatis mshA gene had been cloned, the DNA was sequenced by using primers 49seq 5Ј and 49seq 3Ј, as well as the universal primers T7 and M13R. To sequence the internal region of the homolog and confirm the missense mutation, the same procedure was followed with primers 49MED 5Ј (5ЈGCGTGGCGGTGTTG TCGGTA3Ј) and 49MED 3Ј (5ЈGACCAGTTGTTCGCGGC TCT3Ј). Comparison of the sequences revealed a single base pair change in the mutant which converted a GGC codon to GAC. This resulted in a change in the amino acid at position 32 of the M. smegmatis sequence from glycine in mc 2 155 to aspartic acid in mutant 49 (Fig. 2) .
The sensitivity of M. smegmatis parent strain mc 2 155, transposon mutant mshA::Tn5, and chemical mutant 49 to isoniazid was tested by using Estrips (Oxoid) and assessing inhibition of growth after incubation for 2 to 3 days at 37°C. The MICs of isoniazid determined were 1, Ͼ250, and Ͼ250 g/ml, respectively. The MICs of isoniazid for mc 2 155 and mutant 49 are similar to those obtained previously (2 and Ͼ50 g/ml) by plating on antibiotic-containing media (16) . When the isoniazid sensitivities of the complemented mshA::Tn5 and strain 49 mutants were tested on plates containing 1% acetamide but lacking glucose, the MICs were 2.7 and 28 g/ml, respectively, demonstrating that there was substantial reversion to the parental phenotype. The mechanistic basis for the isoniazid resistance has not been established, but there is evidence indicating that the isoniazid sensitivity is specifically linked to MSH rather than a generally high level of cellular thiol (9).
The results described above establish that the mshA gene in M. smegmatis is essential for the production of a Mean and range for duplicate samples of exponential cells cultured in Middlebrook 7H9 medium containing 1.0% glucose and 0.05% Tween 80 with 75 g of hygromycin per ml and 20 g of kanamycin per ml as appropriate.
b Determined by the method described by Buchmeier et al. (3) . c Determined by the method described by Koledin et al. (9) . d Cells were cultured as described above to an optical density at 600 nm 0.5, transferred to Middlebrook 7H9 medium without glucose, and induced for 20 h at 23°C with 0.2% acetamide.
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NOTES 3477 mannosyl transferases, and GlcNAc transferases. The most likely homologs for MshA seemed to be the GlcNAc transferases PigA, which is involved in glycosyl phosphatidylinositol anchor biosynthesis (8, 10) , and RfaK, which transfers GlcNAc from UDP to lipopolysaccharide (12) , but full sequence alignments revealed only 18 and 19% identities between these sequences and the sequence of M. tuberculosis MshA, respectively. Higher levels of identity were obtained with sucrose and sucrose phosphate synthases and with the mannosyl transferase PimB. Figure 2 includes sequences for SpsA from Anabaena sp. strain PCC7120 (5) and PimB (Rv0557) from M. tuberculosis (19) (GenBank accession numbers AJ302071 and NP_215071, respectively). SpsA has 29% overall sequence identity with M. tuberculosis MshA, whereas PimB has 24% identity. Cumino et al. (5) identified two highly conserved motifs present in the glycosyltransferase domains of sucrose phosphate synthases and sucrose synthases, designated box I and box II, as shown in Fig. 2 . M. tuberculosis MshA is identical to SpsA at 6 of 12 box I residues and at 17 of 25 box II residues.
The first Gly of box I is changed to Asp in M. smegmatis mutant 49. This results in complete loss of the ability to synthesize GlcNAc-Ins, GlcN-Ins, and MSH in vivo, showing that this region is critical to the activity of MshA. The box II domain contains the E-X 7 -E signature (7) universally found in the retaining glycosyl transferases of CAZy family 4, and the first residue of this signature, E 353 (M. tuberculosis numbering), has been shown to be essential for activity of the mannosyl transferase AceA from Acetobacter xylinum (1) . PimB is less similar to SpsA than MshA is, but there are some additional residues that were identified by Kremer et al. (11) as highly conserved in mannosyl transferases that are conserved in MshA and SpsA. These include Lys 278 , which has also been shown to be essential for activity in AceA (1), as well as Gly 241 , Asp 243 , and Arg 273 , for which no function has been established yet (11) . The homology of MshA with known CAZy family 4 glycosyltransferases clearly indicates that MshA belongs to this group and is the glycosyltransferase required for biosynthesis of the pseudodisaccharide GlcNAc-Ins (Fig. 1) . However, there has been no clear indication of the nature of the substrate sugar donor or sugar acceptor. The most obvious candidate for the biochemical reaction catalyzed by MshA involves transfer of GlcNAc from UDPGlcNAc to myo-inositol, but we have not been able to detect production of GlcNAc-Ins using these substrates and either crude extracts of M. smegmatis or recombinant His 6 MshA purified from mutant 49::pAL0486 on an Ni 2ϩ affinity column. Thus, the reaction either requires some special conditions not yet identified or utilizes some other combination of substrates. This is the subject of continuing studies.
